The concept that pregnancy is associated with immune suppression has created a myth of pregnancy as a state of immunological weakness and, therefore, of increased susceptibility to infectious diseases. A challenging question is whether the maternal immune system is a friend or a foe of pregnancy. In this review, we discuss data associated to the role of the immune system during pregnancy. We propose a new paradigm in terms of the fetal-maternal immune interaction as well as the immunological response of the mother to micro-organism. Our challenge is to better understand the immunology of pregnancy in order to deliver the appropriate treatment to patients with pregnancy complications as well as to determine public policies for the protection of pregnant women during pandemics.
study suggests that uDC are necessary for decidual formation and may affect the angiogenic response by inhibiting blood vessel maturation [15] .
More recently, Collins et al. demonstrate that uDC association, with T cell responses to the fetal "allograft," starkly contrast with their prominent role in organ transplant rejection [16] . All of these data further support the idea that the fetal-maternal immune interaction is more complex than the comparison to transplant allografts [17] .
Consequently, the presence of immune cells at the implantation site is not associated with a response to the "foreign" fetus but is attracted to facilitate and protect the pregnancy. Therefore, the immune system at the implantation site is not suppressed-on the contrary it is active, functional, and is carefully controlled.
Is the systemic immunity of the mother suppressed? Although we can find numerous studies describing factors inducing immune suppression (including progesterone, defined as the natural immune suppressor) [18] , medical and evolutionary aspects are against the concept of immune suppression. Pregnancy represents the most important period for the conservation of the species; therefore, it is fundamental to strengthen all the means to protect the mother and the offspring. The immune system is one of the most important systems protecting the mother against the environment and preventing damage to the fetus. It is during pregnancy when the maternal immune system is characterized by a reinforced network of recognition, communication, trafficking, and repair; it is able to raise the alarm, if necessary, in order to maintain the well-being of the mother and the fetus. On the other side is the fetus that, without any doubt, provides a developing active immune system that will modify the way the mother responds to the environment, providing the uniqueness of the immune system during pregnancy. Therefore, it is appropriate to refer to pregnancy as a unique immune condition that is modulated but not suppressed [19, 20] .
This unique behavior explains why pregnant women respond differently to the presence of microorganisms or its products (see Ref. 19 and below) . Therefore, pregnancy should not imply more susceptibility to infectious diseases, instead it is a time of life where there is a modulation of the immune system, which leads to differential responses depending not only on the microorganisms but on the stages of the pregnancy.
The allograft paradigm: transplantation versus implantation
Over fifty years ago, Sir Peter Medawar proposed the paradigm of why the fetus, as a semiallograft, is not rejected by the maternal immune system [21, 22] ; the presence of the maternal immune system at the implantation site was used as evidence to support this [23] . As a result, investigators pursued the mechanisms by which the fetus might escape maternal immune surveillance and varied hypotheses have been proposed [24] . Medawar's observation was based on the assumption that the placenta is an allograft expressing paternal proteins and, therefore, under normal immunological conditions, should be rejected. However, as our knowledge of placental biology has significantly increased over the last 50 years, we can appreciate that the placenta is more than a transplanted organ. Based on the data discussed here and elsewhere, we suggest that, while there may be an active mechanism preventing a maternal immune response against paternal antigens [25] [26] [27] , the trophoblast and the maternal immune system have evolved and established a cooperative status, helping each other for the success of the pregnancy [28, 29] . We propose that the differentiation and function of immune cells infiltrating the implantation site depends, largely, on the microenvironment created by the placenta. We hypothesize that trophoblast cells can induce the differentiation of immune cells into a trophoblast-supporting phenotype. This hypothesis is supported by our findings that conditioned media from trophoblast cells is able to induce monocyte-like THP-1 cells to secrete cytokines such as IL-6, IL-8, MCP-1, and GRO-α which has beneficial effects on trophoblast development and function. This trophoblastimmune interaction involves three stages: 1), attraction: trophoblast cells secrete chemokines that can recruit immune cells to the implantation site [10, 30] ; 2) education: trophoblast cells produce regulatory cytokines that modulate the differentiation process of immune cells [31] ; and 3) response: immune cells educated by trophoblast cells respond to signals of the local microenvironment in an unique way [32] (Fig. 1 ).
Using in vitro models for trophoblast immune interaction we have described the characteristics of each of these stages. An example of this interaction is shown in Figure 2 where villi-like structures established in a three-dimensional in vitro system are capable of attracting monocytes/macrophages and recruiting them around the trophoblast-derived structures. These macrophages provide support for the culture and enhance trophoblast survival. In the absence of the signals originated from the trophoblast, macrophages remain on the surface and will not migrate through the matrigel [33] (Fig. 2) The cytokine profile during pregnancy
The definition of pregnancy as a "Th-2" or anti-inflammatory state was enthusiastically embraced and numerous studies attempted to prove and support this hypothesis. This theory postulates that pregnancy is an anti-inflammatory condition [34] [35] [36] and a shift in the type of cytokines produced would lead to abortion or pregnancy complications. While many studies confirmed this hypothesis, a similar number of studies argued against this notion [23, 37] . The reason for these contradictory results may be due to oversimplification of disparate observations made during pregnancy. In the aforementioned studies, pregnancy was evaluated as a single event, when, in reality, it has three distinct immunological phases that are characterized by distinct biological processes and can be symbolized by how the pregnant woman feels [29, 38] . Implantation, placentation, and the first and early second trimester of pregnancy resemble "an open wound" that requires a strong inflammatory response. During this first stage, the blastocyst has to break through the epithelial lining of the uterus in order to implant; damage the endometrial tissue to invade; followed by the trophoblast replacement of the endothelium and vascular smooth muscle of the maternal blood vessels in order to secure an adequate placental-fetal blood supply [39] . All these activities create a veritable "battleground" of invading cells, dying cells, and repairing cells. An inflammatory environment is required in order to secure the adequate repair of the uterine epithelium and the removal of cellular debris [10, 40] . Meanwhile, the mother's well-being is clinically affected: she feels sick because her whole body is struggling to adapt to the presence of the fetus (in addition to hormone changes and other factors, this inflammatory response is responsible for "morning sickness"). Thus, the first trimester of pregnancy is a proinflammatory phase [29, 41] .
The second immunological phase of pregnancy is, in many ways, the optimal time for the mother. This is a period of rapid fetal growth and development. The mother, placenta, and fetus are symbiotic, and the predominant immunological feature is induction of an antiinflammatory state. The woman no longer suffers from nausea and fever as she did in the first stage, in part, because the immune response is no longer the predominant endocrine feature.
Finally, during the last immunological phase of pregnancy, the fetus has completed its development; all the organs are functional and ready to deal with the external world. Now the mother needs to deliver the baby, and this can only be achieved through renewed inflammation. Parturition is characterized by an influx of immune cells into the myometrium in order to promote recrudescence of an inflammatory process [42, 43] . This proinflammatory environment promotes the contraction of the uterus, expulsion of the baby and rejection of the placenta. In conclusion, pregnancy is a proinflammatory and antiinflammatory condition, depending upon the stage of gestation [44] - [45] .
Inflammation and implantation
Embryo implantation, which is an absolute requirement for reproduction, starts with blastocyst apposition to the uterine endometrium, followed by its attachment to the endometrial surface epithelium. Implantation can only take place in a receptive uterus. In humans, the uterus becomes receptive during the midsecretory phase (days 19-23) of the menstrual cycle, commonly known as the window of implantation (WOI). Rodents exhibit a relatively short (4-day) estrous cycle and develop a receptive uterus on day 4 after mating [46] .
The uterine endometrium consists of two distinct cellular components, the stromal cells and the cells of the epithelium. The cellular changes during the WOI include the transformation of the fibroblast-like endometrial stromal cells into larger and rounded decidual cells (decidualization) [47] , as well as the growth and development of secretory glandules and the emergence of large apical protrusions (pinopodes) and microvilli on the luminal epithelium [48] . In parallel, modulations in the expression of different cytokines, chemokines, growth factors, and adhesion molecules take place [47, 48] . These changes are subjected to regulation by the ovarian steroid hormones, 17β-estradiol and progesterone [49] [50].
The modulated expression of the above-mentioned molecules at the WOI provides circumstantial evidence for their role in this process. However, the association of some of these specific endometrial genes with impaired fertility in humans has not been consistent [50, 51] . Moreover, global microarray analysis employed in search of implantation markers revealed a large number of genes expressed differentially in human endometrium during the WOI [52] [53] [54] [55] , providing correlative evidence for their possible involvement in implantation. Interestingly, many of those genes are of immunologic origin and have been called blastocyst implantation essential factors (BIEFs) [56] . However, their specific function has yet to be determined.
Tissue repair and implantation
Clinical studies have demonstrated that endometrial biopsies taken during the spontaneous cycle that preceded the in vitro fertilization (IVF) and embryo transfer (ET) treatment more than doubled the rates of implantation, clinical pregnancies and live births [57] [58] . A more recent study further reported that local injury of the endometrium performed in IVF/ET patients during their cycle of treatment, before ovum retrieval, also resulted in increased success of implantation and pregnancy [59] . Mechanical manipulation, which is associated with decidual formation is not a new phenomenon. In 1907, Leo Loeb [60] , first reported that scratching the guinea-pig uterus during the progestational phase of the estrous cycle provoked a rapid growth of decidual cells. Later experiments showed that decidua formation in pseudopregnant rodents could be induced by other forms of local injury, such as suturing the uterine horn [61] and intrauterine injection of oil [62] . These early observations in rodents, combined with recent findings in human patients, suggest that local injury of the endometrium facilitates successful implantation. Additionally, albeit indirect, evidence to support the beneficial effect of endometrial injury on successful implantation comes from the observation that scar tissue from previous endometrial surgery (or Cesarean section) becomes an attractive site of implantation [63] . Taken together, these reports suggest that it is possible that the success of implantation is secondary to the development of an injury-like inflammatory reaction.
Inflammation and immune cells during implantation
As discussed above, a high level of the proinflammatory T helper (Th)-1 and cytokines (IL-6, IL-8, TNFα) characterizes early implantation [38, [64] [65] [66] [67] . These cytokines can be secreted by the endometrial cells as well as by cells of the immune system that are recruited to the site of implantation. 65-70% are uterine-specific natural killer (NK) cells [68] , and 10-20% are macrophages (Mos) and 2-4 % are dendritic cells (DCs) [10, 11, [68] [69] [70] [71] [72] . NK cells in human decidua have a role in regulating trophoblast invasion by the production of IL-8 and interferon-inducible protein-10 chemokines. Furthermore, decidual NK cells are potent secretors of an array of angiogenic factors that induce vascular growth that is essential for the establishment of an adequate decidua [45, 73] . DCs are a heterogenous population of cells that initiate and coordinate the innate adaptive immune response. These cells accumulate in the pregnant uterus prior to implantation and stay in the decidua throughout pregnancy [74] [75] [76] . Several lines of evidence point to a pivotal role of macrophages and DCs in shaping the cytokine profile at the maternal-fetal interface [45, 67, 74] . Furthermore, in recent studies we showed that depletion of uterine DCs (uDCs) cells resulted in a severe impairment of implantation and led to embryo resorption [77] . However, the effect observed in our study was not related to tolerance but rather to successful decidualization. In agreement with these findings, another study showed that therapy with DCs significantly decreased the spontaneous resorption rate in a mouse model [74] . These studies, both suggest that, in addition to their involvement in the immune response, uDCs also play some trophic role in regulating the process of implantation.
The immune infiltrate, that plays a central role in the process of tissue renewal and differentiation, may also participate in the development of a receptive endometrium in the biopsy-treated patients [39] . In addition to their immediate influence, recruitment of cells of the immune system to the site of injury may create some "tissue memory" facilitating implantation in the following cycle of treatment. In fact, monocyte precursors of macrophages and DCs are known to be recruited to injured sites and provide essential beneficial effects during wound healing. These cells are long lived, and reside in some tissues for months, during which time they can differentiate into tissue-resident macrophages or DCs [78] .
The trophoblast-lumen epithelium synapse
As the blastocyst travels from the fallopian tube to the uterine cavity, the surface epithelium of the uterus functions as the first contact responsible for adequate attachment of the trophectoderm to the epithelium and the subsequent trophoblast invasion and placentation. When a mammalian blastocyst enters the uterine cavity, the surface epithelium of the uterus is covered by molecules, such as Mucin 1 (MUC1) carbohydrates that prevent the attachment of the highly adhesive blastocyst to an improper site. Indeed, in the human endometrium MUC1 is upregulated during the implantation period [79, 80] . This suggests that the human endometrial surface epithelium prevents blastocyst adhesion except for the precise spot were the embryo attaches. We hypothesize that cytokines/chemokines produced by DCs/Mo in the uterine stroma induce local degradation of MUC1 that enable the blastocyst to attach to a specific area of the uterus [39] . There are four ways by which blastocysts binding to the epithelium may be enhanced: i) stored adhesion molecules are rapidly moved to the cell surface; ii) inflammation-induced expression of new adhesion molecules; iii) increased affinity of specific molecules following initial cell contact; and iv) reorganization of adhesion molecules on the surface epithelium. Either of these possibilities or their combination can represent the response of the endometrial epithelium to DCs recruited to the site of implantation.
Conclusion
We propose a new paradigm in terms of the fetal-maternal immune interaction as well as the immunological response of the mother to micro-organism. In other words, the immunology of pregnancy is the result of the combination of signals and responses originating from the maternal immune system and the fetal-placental immune system. The signals originated in the placenta will modulate the way the maternal immune system will behave in the presence of potential dangerous signals [17] . Our challenge is to better understand this interaction in order to deliver the appropriate treatment to patients with pregnancy complications as well as to determine public policies for the protection of pregnant women during pandemics. In vitro model for the study of trophoblast-immune interactions [33] . A. trophoblast cells form villi-like structures in Matrigel as previously described [33] . Each stage of pregnancy is characterized by a unique inflammatory environment. The first and third trimesters are proinflammatory (TH1), whereas the second trimester represents an anti-inflammatory phase also knowns and TH2 environment.
